Introduction {#sec1-2331216519833841}
============

Subjective tinnitus is defined as the perception of a phantom sound in the absence of any external objective physical source ([@bibr16-2331216519833841]) and is defined as chronic after continuous presence for 6 months ([@bibr45-2331216519833841]). Chronic subjective tinnitus is highly prevalent with 10% to 15% of the population reporting continuous tinnitus perception and about 1% to 2% suffering immensely from the condition ([@bibr42-2331216519833841]). The phenomenon is continuously gaining relevance as it coincides with a steadily aging demographic ([@bibr29-2331216519833841]) and concomitant age-related hearing loss (presbycusis; [@bibr20-2331216519833841]), noisy occupational or leisure time environments ([@bibr59-2331216519833841]; [@bibr69-2331216519833841]), and stress ([@bibr44-2331216519833841]). Moreover, tinnitus is not only related to altered auditory functions like speech perception ([@bibr31-2331216519833841]; [@bibr32-2331216519833841]), sound source localization ([@bibr30-2331216519833841]), auditory attention ([@bibr10-2331216519833841]), and emotional attention processes ([@bibr78-2331216519833841]), but also to affective disorders like depression or anxiety ([@bibr40-2331216519833841]), insomnia ([@bibr9-2331216519833841]), and lowered quality of life ([@bibr48-2331216519833841]; [@bibr83-2331216519833841]).

In most cases, the perception of the phantom sound seems to develop after loss of cochlear hair cells or other peripheral alterations leading to maladaptive plasticity in the auditory pathway and brain. It is still debated if and how either objective ([@bibr16-2331216519833841]; [@bibr45-2331216519833841]; [@bibr60-2331216519833841]) or "hidden" hearing loss ([@bibr3-2331216519833841]; [@bibr62-2331216519833841]; [@bibr85-2331216519833841]) contribute to tinnitus generation. Models of tinnitus generation and maintenance are still being debated ([@bibr66-2331216519833841]) and are limited by an underlying inherent heterogeneity of the disorder ([@bibr39-2331216519833841]). Yet, consensus arose that both the peripheral auditory system as well as differential brain networks are involved and correlate with differential aspects of tinnitus ([@bibr2-2331216519833841]; [@bibr11-2331216519833841]; [@bibr12-2331216519833841]; [@bibr16-2331216519833841]; [@bibr17-2331216519833841]; [@bibr33-2331216519833841]; [@bibr63-2331216519833841]).

Up to today, there is no generally applicable cure for this phantom sound perception. Established interventions aim at alleviating the tinnitus sound or accompanying symptoms ([@bibr5-2331216519833841]). Within a consensus clinical management framework ([@bibr42-2331216519833841]), three avenues of symptom-oriented interventions are suggested: First, ideally accompanying other treatment options ([@bibr5-2331216519833841]), cognitive behavioral therapy is suggested to establish coping strategies ([@bibr8-2331216519833841]). A further option involves differential approaches of neuromodulation and stimulation ([@bibr28-2331216519833841]; [@bibr72-2331216519833841]) with concurrently increased efficacy applying multisite montages ([@bibr43-2331216519833841]), individual protocols ([@bibr38-2331216519833841]), and possibly combined approaches ([@bibr70-2331216519833841]; [@bibr75-2331216519833841]). Finally, auditory stimulation was traditionally studied and evolved to exert efficacy in suppressing tinnitus in sound therapies ([@bibr19-2331216519833841]; [@bibr25-2331216519833841]; [@bibr26-2331216519833841]; [@bibr77-2331216519833841]; [@bibr80-2331216519833841]). Recent technical advances and neuroscientific research could spawn some promising approaches of auditory retraining aimed at reversing maladaptive neural plasticity related to tinnitus ([@bibr1-2331216519833841]; Okamoto, Stein, et al., 2015; Stracke, Stoll, & Pantev, 2010; [@bibr74-2331216519833841]). Yet, whereas masking alongside counseling in tinnitus management has proven efficacy and may be clinically implemented ([@bibr5-2331216519833841]), there is still debate about clinical use of aforementioned retraining approaches (e.g., [@bibr82-2331216519833841]).

The present study joins the branch of auditory stimulation in tinnitus with a focus on residual inhibition (RI; Roberts, 2007) or, more specifically, tinnitus suppression effects with patterned (here: amplitude-modulated \[AM\]) sounds. Recent studies aimed to demonstrate more pronounced tinnitus suppression after stimulation with AM or frequency-modulated (FM) sounds compared with unmodulated sounds and noise with inconclusive results ([@bibr46-2331216519833841]; [@bibr54-2331216519833841]; [@bibr79-2331216519833841]). This putative effect is primarily observed with sounds in or around the tinnitus frequency ([@bibr61-2331216519833841]; [@bibr57-2331216519833841]; [@bibr58-2331216519833841]; [@bibr71-2331216519833841]) while its exact mechanisms of action remain unclear. Concretely, it is not known if and how modulated sounds may produce stronger and longer tinnitus suppression or RI than constant noise or pure tone (PT) sounds. This is partly explicable by the fact that, in classical masking and RI, only unmodulated sounds and noise have been used (e.g., [@bibr58-2331216519833841], [@bibr57-2331216519833841]; [@bibr77-2331216519833841]).

Alternatively or concomitantly, neural entrainment effects may account for normalization of tinnitus-specific neural oscillations ([@bibr46-2331216519833841]; [@bibr54-2331216519833841]) and in comparable disorders (e.g., pain \[[@bibr15-2331216519833841]\]). Neural entrainment describes the phenomenon of synchronization of endogenous neural oscillations to patterned or rhythmic external stimuli (here: auditory \[[@bibr13-2331216519833841]; [@bibr51-2331216519833841]\]). Furthermore, changes in neurophysiology ([@bibr35-2331216519833841]) or chemistry ([@bibr67-2331216519833841]) throughout the auditory pathway and the brain may also play a role but would have to be specifically tested and modeled with the modulated stimulus class.

Generally, a resurrection of interest in RI is observable in tinnitus research, as echoed and welcomed in a recent study by [@bibr21-2331216519833841] Yet, given the multitude of possible mechanisms of action, the ongoing research on causes and mechanisms, the underlying problem of heterogeneity of tinnitus, limited methods, and the gap between human and basic animal research, it is difficult to propose an all-encompassing model of the mechanism of action of AM stimulation at this point. Beyond that, data are scarce and largely absent in the case of prolonged stimulation for possible tinnitus treatment with the modulated stimulus class. Therefore, it is deemed necessary to proceed in small steps and iterate on the immediate subjective effects of the stimulus class. Ideally, primary parameters of modulation rate, presentation level, carrier sounds or frequency (range), duration, and tolerability should be evaluated in respective study designs.

Psychological aspects, especially tolerability of tinnitus RI and therapeutic sounds, should be investigated, as they seem to be affecting tinnitus loudness perception ([@bibr14-2331216519833841]) or sound therapy treatment outcomes ([@bibr65-2331216519833841]). Furthermore, differences in general sound or specific stimuli tolerability could be mediated by personality ([@bibr65-2331216519833841]) and are generally influenced by neurobiological interactions between auditory systems of perception and limbic systems related to valence ([@bibr37-2331216519833841]). To sum up, psychological and biological factors, besides well-definable physical stimulus parameters, contribute to the perception of sounds or suppression of tinnitus and should be taken into account when studying induced tinnitus suppression. Concretely, studies should assess tolerability of tested sound stimuli to better understand the mechanisms of action in RI or sound therapy in tinnitus.

Former studies observed the potential to temporarily suppress tinnitus with 40 Hz AM and FM sounds in fixed frequency bands ([@bibr54-2331216519833841]), with 40 Hz AM pitch-matched sounds in contrast to broadband noise ([@bibr79-2331216519833841]), or with 10 Hz AM sounds at the matched tinnitus frequency in our former study ([@bibr46-2331216519833841]). In more detail, our former study tested an explorative set of three 10 Hz AM with PT (at tinnitus frequency and 108 Hz) or FM sounds as carrier sounds, two 10 Hz (notch) filter modulations around tinnitus frequency with pink noise and music as carrier sounds, and two control stimuli (PT at tinnitus frequency, pink noise) in respect to RI after 3 minutes of stimulation at 60 dB SL. Post hoc contrasts between the stimuli indicated stronger RI for the AM sound at the tinnitus frequency compared with pink noise, AM at 108 Hz, and the filter modulated music, as well as stronger RI for the AM or FM sound compared with pink noise and music. The results from our former and the aforementioned previous studies were especially inconclusive when contrasting AM to PT sounds with identical carrier sounds. This contrast is deemed paramount to better understand the RI potential of AM and PT sounds as merely the modulation (i.e., AM) is manipulated while the other stimuli parameter (i.e., carrier sound and loudness) are controlled. In these previous studies, either carrier sounds were not matched to the tinnitus frequency ([@bibr54-2331216519833841]), or the contrast was performed between PT and noise carrier sounds ([@bibr79-2331216519833841]), or a wide array of differential sounds was used with no significant difference between AM and PT sounds matched at the tinnitus frequency ([@bibr46-2331216519833841]). Moreover, the modulation rate was different with 40 Hz for [@bibr54-2331216519833841] and [@bibr79-2331216519833841] whereas our former study applied 10 Hz. Besides that, many aspects of the designs and analysis strategies of the studies are not directly comparable further adding to the limited insights regarding differences between modulated and unmodulated PTs. Taken together, no former study was specifically designed to test this critical contrast of interest. The aim of this study is therefore to compare AM with PT sounds at the matched tinnitus frequency to further elucidate efficacy in tinnitus suppression of the AM stimulus class.

Concretely, we hypothesize that AM sounds (with 10 and 40 Hz modulation) at the tinnitus frequency may elicit better short-term tinnitus suppression than their unmodulated PT pendants. Secondarily, we want to test if and how different sound levels during acoustic stimulation may influence this contrast by presenting the stimuli at SL plus 60 dB ([@bibr46-2331216519833841]) compared with presentation 6 dB above individual's minimum masking level (MML). While we expect generally stronger tinnitus suppression for the SL stimuli due to the higher presentation loudness compared with the MML stimuli, we still hypothesize that the effect of better suppression of AM compared with unmodulated sound will become evident in both loudness regimes. In addition, aiming both at better understanding of RI profiles and at possible future acoustic interventions for tinnitus, subjective evaluation of tolerability of the stimuli is deemed as critical and was assessed by means of pictorial scales (manikins) of valence and arousal ([@bibr6-2331216519833841]). Given the broad use of these pictorial scales for emotional assessment, also for reactivity to sounds ([@bibr7-2331216519833841]), these scales are deemed as suitable to test the tolerability of stimuli used in this study. Hence, we expect better tolerability (reflected by higher valence and lower arousal scores) for the AM compared with the PT sounds. To the best of our knowledge, the present study is the first study to directly compare AM and PT sounds matched to the tinnitus frequency (i.e., using the same PT carrier sound). Results could have implications for both the RI phenomenon as well as for possible future sound therapies.

Methods {#sec2-2331216519833841}
=======

Methods, procedures, and sample size of the study are directly comparable to our former study ([@bibr46-2331216519833841]) with some changes in the tinnitus matching equipment and protocol. Numeric participant characteristics, tinnitus parameters, and tinnitus matching results are listed in [Table 2](#table2-2331216519833841){ref-type="table"} in the Results section. Table 1.Overview and Nomenclature of the Acoustic Stimuli.     Stimulation      level Modulation rate (Hz)60 dB SLMML + 6 dBSL −6 dB0P60PMML--10AM1060AM10MMLAM10U40AM4060AM40MML--[^1]Table 2.Participants' Characteristics and Tinnitus Parameters (*n* = 29).Mean*SD*MedianMinimumMaximumAge (years)54.7211.2657.002273Tinnitus duration (months)168.97113.92132.0016420Hearing loss (both ears, dB)21.0810.1419.09344SL near tinnitus frequency (both ears, dB)^[a](#table-fn3-2331216519833841){ref-type="table-fn"}^33.4518.6730.00070TQ total score (0--84)36.8317.2240.001063THI total score (0--100)53.1011.2653.003371Mini-HQ9 (0--27)12.385.3911.00424Tinnitus awareness (%)66.0025.7470.0020100Tinnitus loudness (%)59.8321.9060.0020100VAS loudness (0--100)50.902.5950.90190MML (dB)60.2818.0558.002980Tinnitus loudness (matching, dB)57.7215.3856.611980Tinnitus frequency (matching, Hz)4040.662122.253530.0029810965Tinnitus side (matching, 0--127)66.6635.5363.000127[^2][^3]

Participants {#sec3-2331216519833841}
------------

Twenty-nine patients (9 females, between age 18 and 75 years) with chronic bilateral tonal tinnitus (\>12 months since tinnitus onset) from the Interdisciplinary Tinnitus Clinic of Regensburg were included in this study. Patients with a history or presence of any severe and relevant somatic, neurological, or mental disorders were excluded. Further exclusion criteria were ongoing intake of any psychotropic medication or substance and the participation in other tinnitus studies or treatments. The study was approved by the local ethics committee (16-101-0061). After a comprehensive explanation of the procedures, risks, and benefits, all participants gave written informed consent.

Psychometry {#sec4-2331216519833841}
-----------

Upon the actual experiment, participants filled in an online questionnaire comprising German adaptations of the Tinnitus Sample Case History Questionnaire for clinical and demographic data ([@bibr41-2331216519833841]), tinnitus questionnaire ([@bibr23-2331216519833841]), tinnitus handicap inventory ([@bibr36-2331216519833841]), and a short version of the hyperacusis questionnaire (mini-HQ9 \[[@bibr22-2331216519833841]\]).

Audiometry {#sec5-2331216519833841}
----------

Hearing thresholds were measured in the frequency range from 125 Hz to 8 kHz in octave steps with semioctave steps between 0.5 and 1 (i.e., 0.75 kHz), 1 and 2 (i.e., 1.5 kHz), 2 and 4 (i.e., 3 kHz), and 4 and 8 kHz (i.e., 6 kHz), respectively (Madsen Midimate 622D; GN Otometrics, Denmark). Sennheiser HDA 2000 headphones (Sennheiser, Germany) were used for audiometry, subsequent tinnitus matching, and the actual acoustic stimulation procedure.

Tinnitus Matching {#sec6-2331216519833841}
-----------------

Tinnitus matching was performed applying a method of adjustment approach ([@bibr26-2331216519833841]) with a custom-tailored MAX program (MAX 7; Cycling ′74, USA) and a modular hardware controller (Palette Expert Kit; Palette; Canada). For the actual procedure, we adhered to the sequence of the tinnitus tester procedure ([@bibr57-2331216519833841]) without tinnitus likeliness ratings, tests for RI, and loudness matching of 1 kHz reference tones. An octave confusion test was included at the end of the procedure. Participants were accustomed to the device and subsequently trained for the procedure. Main parameters of interest assessed by the matching procedure were tinnitus loudness (in dB), tinnitus side (on a continuum between 0 \[=left ear\] to 127 \[=right ear\] with the value of 63 representing equally distributed bilateral tinnitus) and tinnitus frequency (in Hz). The frequency dial's step size (i.e., endless dial) was slightly below a semitone, and its frequency range between 40 and 16000 Hz. During the actual matching procedure, participants self-reliantly adjusted all the parameters with no need to check with the study personnel or a computer screen (tinnitus parameters were indicated on the controller upon touching of the respective control units): First, a 500 Hz PT was set to a comfortable level. Following on that, participants proceeded with the matching of the frequency. Finally, the sound was adjusted in loudness to fit the perceived tinnitus loudness and localized in the stereo spectrum with the panning dial. Participants were then given the opportunity to rate the correspondence between matched sound and their tinnitus as well as the general usability of the matching equipment on a scale ranging from 1 to 10. The time of the self-reliant matching procedure was assessed by the study personnel, and the matching procedure was repeated after acoustic stimulation described in the next paragraph. In the case of multiple tinnitus sensations, participants were instructed to focus on their dominant tinnitus.

Acoustic Stimulation {#sec7-2331216519833841}
--------------------

Five amplitude modulated sounds (10 or 40 Hz modulation rates at 60 dB SL and MML + 6 dB presentation loudness, and a single, inaudible 10 Hz stimulus 6 dB below SL) and two unmodulated sounds (PTs at 60 dB SL and MML) were prepared in MATLAB (MATLAB R2015a; Mathworks, USA) with the matched tinnitus pitch acting as the frequency of the PT carrier sounds. SL was defined by the hearing threshold at the frequency neighboring (i.e., lower) to the matched tinnitus frequency (e.g., the hearing threshold of 3 kHz when tinnitus frequency was matched to 3.2 kHz). In the remainder of the manuscript, the stimuli are termed as follows ([Table 1](#table1-2331216519833841){ref-type="table"}): AM1060 refers to the AM sound modulated with 10 Hz at 60 dB SL, AM10MML to the 10 Hz AM sound at 6 dB above MML, AM4060 to the 40 Hz AM sound at 60 dB SL, AM40MML to the 40 Hz AM sound at 6 dB above MML, P60 to the PT at 60 dB SL, PMML to the PT at 6 dB above MML, and finally AM10U to the undetectable 10 Hz AM sound 6 dB below SL. The sum total of seven acoustic stimuli with 3 minutes of duration each was produced for each participant individually. Details regarding how stimuli were created are indicated in the section "Sound Stimuli" and [Figure 1](#fig1-2331216519833841){ref-type="fig"} of our previous publication (stimuli in the current study correspond to the "AMTinnitus" stimulus in the former study; [@bibr46-2331216519833841]). The stimuli presented were matched in peak amplitude between the PT and AM stimuli classes in both loudness regimes. As a consequence, AM stimuli had a slightly lower root mean square sound pressure level (\<5.3 dB root mean square for the AM sounds) compared with the PT sounds; 80 dBA (peak) was the upper limit for the sound level of all stimuli, which were presented idiotically. Participants were reminded to interrupt the procedure whenever a sound was deemed uncomfortable. No particular instruction was given to focus their attention on either the sound or tinnitus. Presentation sequence of the seven stimuli was randomized for each participant. To assess the residual tinnitus suppression of the sounds, participants were instructed to rate the loudness of their tinnitus on a numeric rating scale in percentage, compared with the prestimulation loudness (i.e., normal or recuperated loudness), after each stimulation at time points 0, 30, 60, 90, 120, 150, and 180 seconds ([@bibr46-2331216519833841]; [@bibr54-2331216519833841]). Furthermore, participants were asked to rate all stimuli in valence and arousal on pictorial manikin scales with nine steps ([@bibr6-2331216519833841]). Participants were thus shown scales with increasing arousal states, represented by different stages of an explosion in the manikin's chest region, and increasing valence ratings, represented by a spectrum between sad and smiling faces. At the end of the stimulation procedure, participants again performed the tinnitus matching task and were finally dismissed. Figure 1.Mean hearing thresholds and matched tinnitus of all participants. Hearing thresholds: Colored ribbons indicate one standard deviation interval for the two ears, respectively. Tinnitus matching: Cyan diamonds are indicative individual tinnitus pitch and loudness matches. Notably, 80 dB was the upper limit for tinnitus loudness matches.

Data Analysis {#sec8-2331216519833841}
-------------

R (R version 3.3.3; R Foundation for Statistical Computing, Austria) was used to calculate statistics including descriptives, Pearson correlations, and paired samples *t* test to test the matching outcomes as well as the differences in evaluation of the stimuli. To investigate the main research question, namely the difference between modulated and unmodulated sounds at the tinnitus frequency, mixed effect models were computed with the nlme package (<https://cran.r-project.org/web/packages/nlme/>). After identifying an effect for position (i.e., the order of the presented seven stimuli), the final model consisted of fixed effects for condition (i.e., different acoustic stimuli), random effects for time and subjects, and an added term for position as a covariate, both modeled linearly and with a polynomial term for optimal model fit. The model was fitted using the maximum likelihood method unbiased for the fixed effects and appropriate for the given sample size. A priori contrasts of interest were defined between AM and PT conditions for both stimulation level regimes (i.e., 10 and 40 Hz AM vs. PT sounds at 60 dB SL and MML).

Given the weak effects of previous work ([@bibr46-2331216519833841]; [@bibr54-2331216519833841]; [@bibr79-2331216519833841]) and adherence to statistical rigor, we report the results of two-tailed tests. Both corrected (Bonferroni adjustment for the number of contrasts) and uncorrected results are reported side by side, which enables readers to draw their own conclusions from the results presented while we focus our discussion of results on significant and trending (i.e., *p* \< .1) corrected results. For the exploratory analysis of valence and arousal related to the stimuli, two-tailed tests were used given the lack of a directed hypothesis. Furthermore, Bonferroni adjustment was performed for the number of contrasts.

Results {#sec9-2331216519833841}
=======

Participants' Characteristics and Audiometry {#sec10-2331216519833841}
--------------------------------------------

Participants' characteristics, questionnaire scores, and main tinnitus matching parameters are listed in [Table 2](#table2-2331216519833841){ref-type="table"}. Mean hearing thresholds did not differ between the two ears (left side: mean = 21.21, *SD* = 9.54; right side: mean = 20.96, *SD* = 11.03; *t*(28) = 0.36, *p* = .722). Eleven participants indicated their tinnitus location in both ears, three inside the head, six in both ears stronger in the left ear, four in both ears stronger in the right ear, one in the left ear, and four in the right ear.

Tinnitus Matching {#sec11-2331216519833841}
-----------------

Results of the matching procedure before acoustic stimulation are listed in [Table 2](#table2-2331216519833841){ref-type="table"} and plotted in the audiogram of [Figure 1](#fig1-2331216519833841){ref-type="fig"}. Participants' ratings of the matched sound and the matching procedure were high (matched sound: mean = 8.66, *SD* = 0.936; matching procedure: mean = 8.62, *SD* = 1.237 \[range 1--10\]). Notably, all participants were able to match their single (or in three cases: dominant) tonal tinnitus with subjectively satisfactory results. We double-checked the outlier matching of 298 Hz (see [Table 2](#table2-2331216519833841){ref-type="table"} and [Figure 1](#fig1-2331216519833841){ref-type="fig"} with the participant \[i.e., with multiple upward octave shifts, oral discussion\]) with no change in the resulting matched frequency. Average time spent for the first matching run was 382 seconds (*SD* = 207). Moreover, there were no significant differences of matching parameters, namely tinnitus frequency, loudness, and side, *t*(max) = −0.644, *p*(min) = .525, between the matching procedures before and after the actual stimulation. This further enhances confidence in the applied matching method, which is also reflected by high correlations between matching parameters of interest (tinnitus frequency: *r* = .826, *p* \< .001; loudness: *r* = .833, *p* \< .001; side: *r* = .937, *p* \< .001).

Tinnitus Suppression {#sec12-2331216519833841}
--------------------

The mean tinnitus loudness suppression profile over time after stimulus offset is shown in [Figure 2](#fig2-2331216519833841){ref-type="fig"} and the single responses in [Figure 3](#fig3-2331216519833841){ref-type="fig"}. Notably, tinnitus suppression is strongest 0 seconds after stimulus offset for all stimuli except AM10U and converges toward prestimulation loudness after 90 seconds toward 180 seconds. This pattern is typical for RI ([@bibr55-2331216519833841]), and only a few responses were indicative of temporarily increased tinnitus loudness (see [Figures 3](#fig3-2331216519833841){ref-type="fig"} and [4](#fig4-2331216519833841){ref-type="fig"}). AM sounds at 60 dB SL seem to exert the strongest suppression (AM1060 and AM4060) on average followed by their variations at MML and the PT at 60 dB SL. Finally, PMML and AM10U produced only slight or no average suppression, respectively. The results of the omnibus analysis of variance for the final model are listed in [Table 3](#table3-2331216519833841){ref-type="table"} and, in contrast to our previous study, indicative of a significant effect for position (i.e., the presentation order of the stimuli). Figure 2.Mean tinnitus suppression after stimulus offset for all stimuli. Brackets indicate 95% confidence interval for each condition. Two-tailed tests of significance are reported (see [Table 4](#table4-2331216519833841){ref-type="table"}). Generally, AM sounds tend to elicit slightly stronger or similar tinnitus suppression compared with PTs except the AM10U condition. Main contrasts of interest between AM and PT conditions for both stimulation levels show a trend toward more tinnitus suppression for AM1060 versus P60, *t* = 2.417, *p*(bonf) = .064, [Table 4](#table4-2331216519833841){ref-type="table"}. Notably, this is only true for the main effect of condition and not the interaction of Condition × Time. Figure 3.Tinnitus suppression after stimulus offset for the single stimuli. Each line is representative of a single subject's tinnitus loudness growth function after stimulus offset at 0 seconds. The mean response and the standard deviation (locally weighted scatterplot smoothing) are plotted as a thick line and a gray ribbon, respectively. Notably, the variability after stimulation offset is considerable while it converges over time as typical in RI ([@bibr55-2331216519833841]). Figure 4.Responder profiles of tinnitus suppression for all stimuli. Initial suppression after stimulus offset (t0) is plotted here. Suppression of \>50% compared with prestimulus tinnitus loudness is considered "good" (green), "moderate" if \<50% and ≥0% (light green), "same" if = 0%, and "worse" (i.e., residual excitation) if \<0% (orange). Table 3.Analysis of Variance of the Final Mixed Effects Model.numDF*Fp*Intercept18452.589\<.001Condition622.495\<.001Time17.962.005Poly(position, 2)216.155\<.001Condition: time64.721\<.001[^4][^5]

Within the mixed effects model, the contrasts of interest between AM1060/AM4060 and P60, and AM10MML/AM40MML and PMML, respectively, resulted in a trend for the main effect of condition of AM1060 versus P60 but not for AM4060 versus P60. This finding substantiates the observed tendencies in our previous article, partly confirms our hypotheses (trend in 1 of 4 contrasts), and is related to observations ([@bibr54-2331216519833841]; [@bibr79-2331216519833841]) that certain unmodulated sounds produce less tinnitus suppression than AM sounds. On the other hand, looking at stimulation levels near the tinnitus' actual loudness (slightly below tinnitus loudness as in \[[@bibr54-2331216519833841]\] and 6 dB above MML in our study), no significant results can be observed for both 10 and 40 Hz contrasts.

As we identified an effect for position, we evaluated this position effect in an ancillary model seen in Table 6 (Supplemental material) to probe possible influences on the interpretation of the main results. In consequence, and in contrast to the prima facie impression of similar suppression curves of AM1060 and AM4060 in [Figure 2](#fig2-2331216519833841){ref-type="fig"}, this may explain the null-finding of the contrasts AM4060 versus P60 in the final model with position as a covariate.

Tinnitus suppression in the responder profile ([Figure 4](#fig4-2331216519833841){ref-type="fig"}) is defined as "good" if participants rated the tinnitus loudness to be at a level of 50% or less of the initial loudness, "slight" at a level of 55% up to 95%, "same" if unchanged (= 100%), and "worse" if loudness was temporarily increased at stimulation offset. Respective percentage values are plotted on the bars of each stimulus. The observed distributions further confirm that the observed tinnitus suppression, or RI potential of the AM stimulus class, is especially pronounced at high presentation levels.

Stimulus Evaluation {#sec13-2331216519833841}
-------------------

Valence and arousal scores for the entire set of stimuli are plotted in [Figure 5](#fig5-2331216519833841){ref-type="fig"}, and statistical contrasts of interest are listed in [Table 5](#table5-2331216519833841){ref-type="table"}. Of particular interest and partly according to our hypotheses, valence was rated significantly higher for AM1060 versus P60, *t* = 3.480, *p*(bonf) = .013, whereas only trends were observed AM40MML versus PMML, *t* = 2.896, *p*(bonf) = .058. Taken together, these results may imply a slightly better tolerability of the AM sounds compared with their PT pendants, while statistical differences were only observed for two out of four contrasts and not for arousal at corrected significance levels. Figure 5.Valence and arousal rating for all stimuli. Brackets indicating 95% confidence interval for valence and arousal for each condition. P60 exhibits lowest tolerability mirrored by high arousal and low valence ratings. Table 4.Results of the Contrasts of Interest in the Final Mixed Effects Model.Value*SEtpp*(bonf)Intercept89.9553.46925.929\<.001AM1060---P602.8401.1752.417.016.064AM4060---P601.3081.1731.116.2651AM10MML---PMML2.2481.1751.914.056.224AM40MML---PMML2.0891.1731.781.075.3[^6][^7]Table 5.Paired Differences of Valence and Arousal Between Stimuli Contrasts of Interest.Mean differenceCI LowerCI Upper*tpp*(bonf)V_AM1060 - V_P601.2410.5111.9723.480.002.013A_AM1060 - A_P60−0.759−1.503−0.014−2.087.046.369V_AM10MML - V_PMML0.552−0.3201.4241.296.206.999A_AM10MML - A_PMML−0.138−1.0050.729−0.326.747.999V_AM4060 - V_P601.0690.2131.9252.557.016.130A_AM4060 - A_P60−0.828−1.502−0.153−2.512.018.144V_AM40MML - V_PMML1.3100.3842.2372.896.007.058A_AM40MML - A_PMML−0.724−1.693−0.245−1.530.137.999[^8][^9]

Discussion {#sec14-2331216519833841}
==========

The experimental study at hand examined the difference between AM and PT sounds at the tinnitus frequency regarding temporary tinnitus suppression. Specifically, we investigated whether AM sounds with modulation rates of 10 and 40 Hz (four sounds) induce stronger tinnitus suppression after stimulation than unmodulated PTs (two sounds) within two stimulation level regimes, namely 60 dB SL and 6 dB above MML (both at the tinnitus frequency). In an additional exploratory analysis, we compared both valence and arousal of the different stimuli between the two stimuli classes. The aim of this analysis was to further evaluate if AM sounds are suitable to induce residual tinnitus suppression, or RI, and beyond that, may qualify as possible principles for tinnitus sound therapy.

The results, taking into account the effect of position (i.e., presentation order of the stimuli), could not convincingly show (i.e., only producing a trend) that 10 Hz AM sounds in the matched tinnitus frequency produce stronger tinnitus suppression on average after stimulation than unmodulated PTs in the same frequency at stimulation level 60 dB above SL. Looking at different modulation rates (i.e., 40 Hz) and stimulation levels (i.e., 6 dB above MML), we can only report nonsignificant results at the corrected level. Generally, but especially in the case of the AM4060, this may be explained by an (unfortunate) order effect (see [Tables 4](#table4-2331216519833841){ref-type="table"} and 6). The absent significant effects of the same contrasts at the lowered stimulation level 6 dB above MML may be furthermore explained by the inherent increased sound energy in the stimuli at the 60 dB SL level. Yet, given the observed statistical trend and the considerably large array of similar sound stimuli (i.e., identical regarding their carrier frequency at the matched tinnitus frequency), these results may not come as a surprise but rather may be better elucidated in a sleeker experimental design where presentation level regimes are not mixed within one experiment or experimental block. We find this interpretation further plausible, as the narrow spectrum of different carrier sounds in the study at hand, in contrast to the wide array of carrier sounds in our former study ([@bibr46-2331216519833841]), may have eased learning effects and therefore introduced the observed position effect. In conclusion, we only observed trends of better tinnitus suppression properties for 10 Hz AM sounds compared with their unmodulated pendants at 60 dB SL presentation level. These results are partly in line with previous inconclusive findings ([@bibr46-2331216519833841]; [@bibr54-2331216519833841]; [@bibr79-2331216519833841]) in that they show a tendency of stronger residual tinnitus suppression than commonly used unmodulated sounds. Notably, the current study is the first one directly comparing AM and PT sounds with matched tinnitus tones as carriers.

The comparison between arousal and valence ratings between modulated and unmodulated stimuli is similar to the findings in tinnitus suppression, as AM1060 elicits significantly higher valence but not lower arousal (see [Table 5](#table5-2331216519833841){ref-type="table"}). Different modulation rates and stimulation levels only produced a trend in differences of arousal and valence between conditions of interest, namely higher valence for AM40MML compared with PMML ([Table 5](#table5-2331216519833841){ref-type="table"}). A former study ([@bibr76-2331216519833841]) compared a variety of different tones and sounds. Their results did not show any specific difference between AM and PT, while filtered noises were generally less annoying than tones. As noise stimuli were not used in the current study, we cannot provide data on a contrast between tones and noise at this point.

Taken together, these results indicate that tolerability for AM sounds seems to be slightly better compared with PTs, especially in the ratings of valence. At the same time, the high valence ratings were usually accompanied by low arousal ratings further supporting better tolerability of the AM sounds. On the other hand, it cannot be disputed that the effect is not consistent across the different stimulation levels and modulation rates and almost totally absent in the case of arousal. The latter observation may be further explained by the assumption that arousal is a concept not directly accessible to one's conscious evaluation, complicating the abstract task of judging a sound along this particular categorization system. Future studies should consider these shortcomings by elaborating on subjective evaluations of stimuli. Nevertheless, we still conclude that the stimulus class of AM sounds was well tolerated by participants, at least for the stimulation duration of 3 minutes.

A possible mechanism of action for the observed tinnitus suppression of the AM stimulus class beyond the respective body of knowledge in RI research ([@bibr55-2331216519833841]) may be neural (or cortical) entrainment which normalizes aberrant neural oscillations acting as putative correlates of tinnitus ([@bibr54-2331216519833841]) or other pathologies (e.g., in pain with alpha entrainment \[[@bibr15-2331216519833841]\] or in schizophrenia with gamma entrainment \[[@bibr81-2331216519833841]\]). A respective entrainment of neural oscillations may be especially relevant for specific frequency bands in tinnitus like alpha ([@bibr86-2331216519833841]) or gamma ([@bibr4-2331216519833841]; [@bibr68-2331216519833841]; [@bibr84-2331216519833841]). Yet, the exact role of these frequency bands in the tinnitus pathology is still under debate. In any case, we agree with the considerations of [@bibr54-2331216519833841] that modulated sounds, contrary to noise or PTs that mostly produce onset and offset auditory cortical activity, may produce sustained acoustically driven activity that may help restructure cortical firing patterns away from those that generate tinnitus. A comparable model has been postulated where prolonged tinnitus suppression or RI may be explained by inhibition of central synchrony via feedforward projections ([@bibr49-2331216519833841]; [@bibr56-2331216519833841]). AM sounds in the alpha band may also have an influence on tinnitus maintenance or attentional networks through a temporary up-modulation of alpha networks driven by the auditory stimulus. This up-modulation may then reinstantiate the shifted brain network homeostasis in tinnitus (e.g., the decay of wide-spread alpha networks, \[related\] increase of gamma networks \[[@bibr63-2331216519833841]\]). Regarding possible alpha entrainment, we cannot rule out effects of general relaxation ([@bibr24-2331216519833841]) or mere attentional processes, as the alpha band is at the lower bound of the spectrum of entrainable oscillations ([@bibr34-2331216519833841]; [@bibr51-2331216519833841]). At this point, we also embrace the possibility of similar effects produced by stimuli with modulation rates other than 10 or 40 Hz, particularly covering frequency bands higher than 40 Hz (e.g., 20--100 Hz electrical stimulation of the cochlea \[[@bibr87-2331216519833841]\]). Yet, with increasing modulation frequency (\>40 Hz), modulated acoustic stimuli start to produce residual tones ([@bibr34-2331216519833841]) and furthermore elicit less cortical entrainment ([@bibr51-2331216519833841]).

Taking an all-embracing point of view given the various systems of the auditory hierarchy from the inner ear to the brain influenced by acoustic stimulation, it may be conceivable that the observed suppression effect of AM or generally modulated sounds is a conglomerate of altered activity in the auditory pathway, central auditory cortex, and widespread cortical network activation as sketched earlier. To continue this line of research, entrainment and RI effects should therefore be studied using electro- or magnetoencephalographic methods where direct causal relationships between cortical entrainment, RI, and tinnitus suppression can be tested. Beyond that, the influences of the putative entrainment mechanism and the mere RI effect of the carrier sound (here: matched tinnitus frequency) have to be differentiated to better understand the individual and joint mechanisms of action on tinnitus suppression.

Limitations {#sec15-2331216519833841}
-----------

Unfortunately, five participants did not meet the criterion of bilateral tinnitus contrary to their declaration during recruitment and the informed consent procedure. At this point, we would like to point to a possible inaptitude of tinnitus sufferers to generate valid self-reports of tinnitus characteristics ([@bibr53-2331216519833841]) and also to fluctuations of the tinnitus percept over time ([@bibr52-2331216519833841]). Certainly, this issue should be considered in future studies and respective audiometric features of tinnitus specifically tested at the recruitment or informed consent stage of the study's proceedings. In this study, all participants were consequently stimulated idiotically to adhere to the study protocol.

More importantly, AM stimuli with pure-tone carriers naturally introduce sidebands alongside the carrier sound ([@bibr18-2331216519833841]), which in turn may generate off frequency patterns of activation and distortion products on the basilar membrane. These phenomena could produce a different and possibly greater afferent drive on the auditory system. The (increased) auditory input related to the sidebands may therefore explain the larger tinnitus suppression by the AM sounds in our results. As the study at hand does not allow for further insights on this issue, future studies could take this issue into account by increasing the number and range of tested modulation frequencies. In such a research design, sideband parameters could then be included and tested in statistical modeling of the tinnitus suppression as predictors or covariates.

Finally, the position effect emerging from the data and included in the final fitted model was detrimental on significance levels of the main contrasts of interest. Future studies should therefore consider smaller stimuli sets, a shorter stimulation duration per stimulus and more repetitions in a well-balanced randomized design.

Conclusion {#sec16-2331216519833841}
==========

Despite the mentioned limitations and inconclusive results as well as mechanisms of action, we conclude that AM sounds in the matched tinnitus frequency are effective in temporarily suppressing tinnitus. This conclusion is substantiated by similar or slightly stronger tinnitus suppression or RI effects of AM compared with PT sounds and slightly better tolerability of the AM stimulus class by tinnitus sufferers. Future work should focus on understanding the neurophysiological correlates of the observed suppression effects during and after the acoustic stimulation as well as on testing long-term effects of the approach. Given the efficacy, tolerability, and simplicity of use, we furthermore propose the studied stimulus class as a suitable principle to be tested for masking or long-term tinnitus sound therapy.
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[^1]: *Note.* SL = sensation level; MML = minimum masking level.

[^2]: *Note.* TQ = tinnitus Questionnaire ([@bibr23-2331216519833841]); THI = tinnitus handicap inventory ([@bibr47-2331216519833841]); Mini-HQ9 = mini hyperacusis inventory ([@bibr22-2331216519833841]); VAS = visual analog scale; MML = minimum masking level.

[^3]: Nearest frequency of pure-tone audiometry to the matched tinnitus frequency.

[^4]: *Note.* Poly = polynomial term.

[^5]: Degrees of freedom = 1,377. Notably, unlike in our previous study, an effect for position (order effect) was detected and had to be included as a covariate in the model (see Table 6 in the Supplemental Material for the interaction model). We observe significant effects for all main effects and the Interaction Condition × Time.

[^6]: *Note.* SE = standard error.

[^7]: Degrees of freedom = 1,377. Main contrasts of interest between AM and PT conditions for both stimulation levels show a trend of stronger tinnitus suppression for AM1060 versus P60, *t* = 2.417, *p*(bonf) = .064.

[^8]: *Note.* CI = confidence interval of 95%; V = valence; A = arousal.

[^9]: Valence of AM1060 is significantly higher than P60, *t* = 3.480, *p*(bonf) = .013, whereas a trend is reported for higher valence of AM40MML versus PMML, *t* = 2.896, *p*(bonf) = .058.
